Abstract. In the present work, we have experimentally investigated the stability and hysteresis behaviors of CuO-water nanofluid when submitted to a repeated heating and cooling process. Data has shown that for a low particle volume concentration, 1.6% in particular, the hysteresis phenomenon did not occur for the temperature range considered. For a higher particle concentration, 5% in particular, the hysteresis behaviour was clearly observed when fluid temperature exceeded 52ºC approximately. Beyond this critical temperature, the nanofluid viscosity has increased, and such an increase even continued with a decrease of temperature during the cooling phase. Subsequent measured viscosity and observations in laboratory after the first occurrence of the hysteresis phenomenon have confirmed that the alterations on the particle suspension and on the nanofluid stability appear indeed permanent. Such alterations were found to worsen with further heating/cooling cycles.
Introduction
The term 'nanofluid' refers to a two-phase mixture constituted of a continuous phase -generally a saturated liquid -and a discrete phase composed of suspended (often metallic) nanoparticles. Experimental data have shown that an interesting heat transfer enhancement can be achieved when using nanofluids in some confined flow situations [1] [2] [3] . In spite of their interesting features and promising potentials, these new and special yet rather challenging fluids still remain in their early development. It is worth mentioning that there is a striking lack of data regarding the nanofluid thermal properties, in particular for their dynamic viscosity. The lack of information is even more drastic regarding the nanofluids long-term stability and behaviours in real thermal applications.
Recent experimental data [4] have clearly established the existence of the hysteresis behaviour for Al 2 O 3 -water and CuO-water nanofluids when submitted to a heating effect. In fact, depending upon the particle volume concentration, it has been found that there exists a critical temperature beyond which, the suspension quality of particle seems to be seriously altered, even destroyed, which in turn, has conducted to an abnormal increase of the nanofluid viscosity during a cooling phase. Such an intriguing behaviour has raised serious concern regarding the possible use of nanofluids as mean for the heat transfer enhancement purpose [5] .
The above hysteresis phenomenon was recently revisited by our research team. In fact, new viscosity data were obtained for a particular water based nanofluid, which consists of 29nm CuO nanoparticles in suspension in water. We implemented a new and innovative experimental procedure in which a continuously forced flow was maintained through a measuring chamber where the instruments were installed. Some most significant data are presented and discussed in the following, with emphasis on the occurrence of the hysteresis phenomenon and the nanofluid stability behaviours.
Description of the experimental setup
The experimental set up, relatively simple, consists of a closed fluid circuit, Fig. 1 , which is mainly composed of a 5 litre open reservoir (Tank T1) and a high head and all-plastic-magneticallydriven centrifugal pump that ensures a continuous forced flow of liquid (distilled water or CuOwater nanofluid) within the circuit. The liquid, withdrawn from Tank T1, is forced to traverse a serpentine-type heat exchanger where it is heated (or cooled depending upon the case) and then entering into a measuring chamber of the viscometer. The fluid, exiting from the viscometer, traverses the valve V2 and returns to the reservoir T1. Another reservoir, Tank T2, served as a collecting reservoir, is installed at the lowest level of the setup. The valve V3 (normally closed) can be opened in order to completely drain all liquid from the circuit. The serpentine heat exchanger is immersed within another water reservoir, Tank T3, which is part of a 2kW Julabo heating/cooling unit. The latter offers a precise control of the desired fluid temperature, both for the heating and the cooling modes. All the tanks T1 and T3 as well as the piping circuit were thermally insulated in order to minimise heat losses to the surroundings. The viscometer, Model ViscoLab 4000 purchased from Cambridge Applied Systems, Massachusetts, USA [6] , uses the so-called 'piston-type' technology in which the determination of the fluid viscosity is based on the Couette flow inside a tiny cylindrical measuring chamber. Two magnetic coils, installed inside a 316 stainless steel sensor body, generate a magnetically-induced force on a cylindrical piston that moves back and forth over a predetermined distance of 5mm. By alternatively powering the coils with a constant force, the elapsed time corresponding to a round trip of the piston can then be measured. This time can be accurately related to the viscosity of the fluid sample contained in the chamber through a precise calibration process. As the piston is pulled toward the bottom of the chamber, it forces the fluid at the bottom to flow around the piston toward the sensor opening. On the other hand, on the upward piston stroke, fresh fluid is pulled around the piston to thoroughly mix the fluid volume confined inside the chamber, thus ensuring its temperature uniformity. Also, because of the very small mass of the piston, the induced magnetic forces greatly exceed any disturbances due to vibrations. Furthermore, the temperature of the fluid inside the measuring chamber is continuously monitored using a precision Platinum RTD, which is internally mounted at the base of the chamber. The viscometer system was factory calibrated. The temperature accuracy and repeatability of the RTD probe are estimated to be ±0.2ºC and ±0.1ºC, while the viscometer accuracy and repeatability are, respectively, ±1% and ±0.8% for the considered measuring range (0-20cP). In order to ensure a proper fluid flow on the top of the viscometer piston, the viscometer was caped with a cylindrical cover, which possesses an inlet and outlet orifices for the forced fluid. During an experiment, the circulation pump was in constant operation ensuring a continuous renewal of the fresh fluid inside the viscometer measuring chamber. It is worth noting that the liquid flow rate was carefully adjusted, using the valves V1 and V2, in order to minimise any undue forces on the piston top face. In fact, measured values of water viscosity performed during validation tests, with pump-on and pump-off scenarios, have shown negligible differences.
Preparation of CuO-water nanofluid and experimental procedure
In the present work, we are primarily interested to study the effects due to the heating and cooling on the CuO-water nanofluid viscosity as well as its behaviour while subject to repeated heating/cooling cycles. It is worth mentioning that in our recent contributions [4, 5] , viscosity data for two particular water-based nanofluids, namely Al 2 O 3 -water (with two different particle diameters, 36nm and 47nm) and CuO-water with an average particle size of 29nm, have been presented. These studies have clearly shown, likely for the first time, the existence of the 'hysteresis phenomenon' when nanofluid sample was heated beyond a critical temperature.
The CuO-water mixture was purchased readily prepared and mixed under the form of an aqueous solution from a commercial source [7] . At delivery, the original particle volume fraction was approximately 14%, and in order to produce other solutions with desired particle
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Next Generation Micro/Nano Systems concentrations, a dilution with distilled water combined with a vigorous mechanical stirring were found sufficient. It should be noted that since surfactants were used, the suspension stability of CuO nanoparticles within distilled water was found to be quite good even after a relatively long resting period, e.g. weeks to months. After a long resting period, a vigorous stirring was normally sufficient to properly re-establish the particle suspension. Two particular solutions with particle volume fraction of 1.6% and 5% were prepared. The experimental procedure is relatively simple. At the beginning of an experiment, with the pump off, the viscometer cap is removed. The sensor piston is removed from the measuring chamber and the latter is half-filled with the fluid. The piston is then returned back to the chamber, which is again filled with fluid. The cap is then firmly fixed onto the top of the viscometer, and then the pump is activated and runs for at least fifteen minutes under ambient condition, in order to purge air from the circuit. Air is also purged from the measuring chamber using a purging feature available from the viscometer. The Julabo heating/cooling unit is then set on in a proper mode with the desired temperature using its front control panel. The system is set to run until the steady-state is obtained, which can be ascertained by reading fluid temperature and viscosity displayed on the viscometer control panel. By carefully adjust the time-step of the temperature ramp during a heating phase (or during a cooling phase), the elapsed time required to achieve such a steady-state for a given set temperature can be reduced. Nevertheless, it is worth noting that, if starting from the ambient temperature with a slow heating ramp rate, it may require nearly 10 hours to reaching the fluid temperature of 60°C.
In the present study, we were interested to determine whether there exists some hystereris behaviour on the particle suspension quality due to the heating/cooling process. To do this, after reaching the desired maximum temperature, the heating power is cut off and the system is allowed to cool by natural convection toward the ambient air (note that the pump is still on). Such a cooling phase was extremely slow, generally taken from 5 to 7 hours approximately, in order to allow the fluid to completely cooled down to ambient temperature. 
Results and discussion
Results of validation tests. Several validation tests were first performed using distilled water. Viscosity data for water for temperature up to nearly 45°C were obtained and compared to the corresponding values tabulated in a text book [8] . The maximum relative error with respect to the empirical correlation was not exceeded 8.5% for the cases performed. Validation tests were also carried out using a calibration mineral oil supplied by the viscometer manufacturer [6] . Fig. 2 shows such the measured data. The accuracy of these values while compared to the corresponding ones provided by the manufacturer can be qualified as excellent. In fact, the maximum relative error was not exceeded 1.2% in any cases.
Nanofluid viscosity during successive heating/cooling cycles -the case of nanofluid with low particle volume fraction. Fig. 3 shows the viscosity data as obtained for the nanofluid with a particle volume fraction of 1.6% when submitted to two successive heating/cooling cycles. It is worth noting that a heating/cooling cycle consisted of a first heating phase that was immediately followed by a cooling phase. For the test shown here, the first heating/cooling cycle was performed during one entire day. The fluid was set to completely cooled down to ambient temperature, and then the next day, the second heating/cooling cycle was performed. For this case of a relatively low particle loading, measured viscosity data are nearly the same during the heating phases. However, nanofluid viscosity has a clear tendency to slightly increase during the cooling phases, although such an increase remains small. One can then state that there seems to be only slight effects due to the repeated heating/cooling process on the nanofluid tested. Furthermore, the so-called 'hysteresis phenomenon' [4, 5] was not observed for this case with a relatively low particle volume fraction. Data from Fig. 3 also shows that a rapid heating i.e. with a relatively important temperature ramp rate, and a low heating i.e. with a lower temperature ramp rate did not have perceptible effects on the measured viscosity values. Such a result assesses in some way the reliability of the experimental setup and procedure.
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Next Generation Micro/Nano Systems Nanofluid viscosity during successive heating/cooling cycles -the case of nanofluid with high particle volume fraction. The thermal behavior of a nanofluid with higher particle loading is rather different from the previous case. Fig. 4 shows, in particular, the viscosity data as measured for the CuO-water nanofluid with a particle volume fraction of 5% when submitted to two
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consecutive heating/cooling cycles. These cycles were performed on two successive days with a complete nanofluid cooling i.e. cooled down to ambient temperature at the end of the first test day. For this case of a relatively high particle loading, measured viscosity data curves are very different from the first cycle to the second one. Also, the 'hysteresis phenomenon' was clearly observed. Thus, for the first heating/cooling cycle (Curves 1 and 2), one can see that the level of viscosity corresponding to the cooling phase (Curve 2) has tremendously increased, by a factor of 1.5 for some temperatures, with respect to those during the heating phase (Curve 1). On the second test day and for the second heating phase (Curve 3), one can easily notice that some alterations were already present within the nanofluid, when comparing Curve 3 to Curve 1. The second cooling phase (Curve 4) even shows more drastic effects on nanofluid viscosity. Thus, the levels of viscosity on Curve 4 are remarkably higher than those of the Curve 2 (the 1 st cooling phase). In fact, one can observe that from the 1 st cycle to the second one, there is an upward shift of viscosity, indicating obviously the increasing effects due to some alterations on the particle suspension and the nanofluid rheological structure. From the data shown, it is clear that such alterations were indeed permanent and have worsened with further heating/cooling cycle. It is also very interesting to observe that for the 5% nanofluid studied, the critical temperature can be estimated to be 52°C. As observed before [4, 5] , when continuing to heat and cool the nanofluid beyond such a critical temperature (dependent of both the nanofluid type and particle volume fraction), the hysteresis behavior is initiated.
Conclusion
We have experimentally studied the stability and hysteresis behaviors of CuO-water nanofluid. It was found that for the nanofluid with 1.6% particle volume fraction, the hysteresis phenomenon did not occur, and the effects due to the heating/cooling process, although present, seem to be slight. For a higher particle concentration, 5%, the hysteresis behaviour was clearly observed when fluid temperature exceeded 52ºC approximately. Measured viscosity data and observations after the first occurrence of the hysteresis phenomenon have confirmed that the damages due to repeated heating/cooling cycles on the particle suspension and on the nanofluid stability appear indeed permanent. Such damages were found to become worsened with further heating/cooling cycle.
